City University of New York (CUNY)

CUNY Academic Works
Dissertations and Theses

City College of New York

2011

Development of an inline cleaning procedure and a concentration
method for analyzing low levels of organophosphate flame
retardants and plasticizers in sediment
Olgica Vezmar
CUNY City College

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/34
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

M.A. Thesis

May 2011

Development of an inline cleaning procedure and a concentration method
for analyzing low levels of organophosphate flame retardants and
plasticizers in sediment
By
Olgica Vezmar

Spring 2011

Advisor: Professor Pengfei Zhang

Submitted in partial fulfillment of the request for the degree of Master of Arts in the
College of Liberal Arts and Sciences of the City College of the City University of New
York

Abstract

To minimize the background contamination of organophosphate flame retardants and
plasticizes (OPFPs) during sediment analysis, an inline cleaning procedure was developed to
clean materials (extraction cell, glass fiber filters, diatomic earth, and aluminum oxide)
involved in sediment extraction using pressurized liquid extraction (PLE). The materials
remain in the extraction cell until sediment extraction takes place, at which time the top 5
grams or so diatomic earth was taken out, sediment was added together with the surrogate
standard, and extracted. This inline method minimizes transfer and exposure of diatomic
earth and aluminum oxide with possible sources of OPFPs in the laboratory.
The recovery efficiency of several concentration methods, including slow evaporation
in a fume hood to dryness, fast evaporation to 1-2 mL using a gentle stream of nitrogen gas,
and slow evaporation to 1-2 mL in the fume hood, were evaluated. Slow evaporation to 1-2
mL in the fume hood resulted in the least loss of OPFPs among the three evaporation
methods examined.
OPFPs in 10 surficial sediment samples collected in Long Island Sound (LIS) were
analyzed. TCPP (chlorinated) had the highest concentration, consistent with its highest usage
and its persistency in the environment. TBEP (non-chlorinated) had the second highest
concentrations in LIS sediment. The other chlorinated OPFPs, TCEP and TDCP, were also
present in most sediment but with much lower concentrations than TCPP. TBP and TPP
(both non-chlorinated) were only detected in one or two sediment samples with very low
concentrations, consistent with their high degradability. Generally speaking, western LIS
sediment is more contaminated with OPFPs than eastern LIS, possibly due to higher number
of wastewater treatment plants in west part of LIS.
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1. Introduction
1.1 Flame retardants, usage, and toxicity
Halogenated and non-halogeneted trialkyl and aryl phosphate esters are widely used
as flame retardants, plasticizers, antifoaming agents and additives. They are present in
plastics, furnishing fabrics, building materials, electronic devices and vehicles [1, 2].
Approximately 90% of the world’s production of flame retardants ends up in electronics and
plastics, while the remaining 10% ends up in coated fabrics and upholstery furniture and
bedding products [3]. Organophosphate and chlorinated flame retardants accounted for 10%
each of the total flame retardants present on the global flame retardant market in 2007 [2].
Major organophosphate flame retardants and plasticizers (OPFPs) include tri-aryl
phosphate esters such as tri-phenyl phosphate (TPP), non-halogenated tri-alkyl phosphate
esters such as tris-butylphosphate (TBP) and tris-(butoxyethyl)-phosphate (TBEP), and
halogenated tri-alkyl phosphate esters such as tris-(2-chloroethyl)-phosphate (TCEP), Tris(chloropropyl)-phosphate (TCPP), and Tris-(dichloro-propyl)-phosphate (TDCP). Many of
the OPFPs are, or potentially are, neurotoxic or carcinogenic. A short overview on the usage
as well as the toxicity of these compounds is given in Table 1 [4].

1.2. Physicochemical properties of OPFPs
Many organophosphate esters have high boiling points, low vapor pressures,
generally low solubility in water and relatively high soil adsorption coefficients. The
physicochemical properties of the substances analyzed in this study, including water
solubility, n-octanol/water partition coefficient (Kow), Henry’s law constant, vapor pressure at
ambient temperature, and photodegradation (calculated half-lives for atmospheric reaction
with hydroxyl radicals) are summarized in Table 2.
1

Name
Tri-butylphosphate

Acronym
TBP

Tris(2-butoxyethyl)
phosphate

Structural Formula

Usage
Solvent for cellulose asters,
lacquers and natural gums;
primary plasticizers in
plastics and vinyl resins;
antifoam agent for concrete;
hydraulic fluid

Toxicity
Neurotoxic

TBEP

Plasticizers (rubber and
plastics), floor polish

Possible
carcinogen

Tri-phenyl
phosphate

TPP

Hydraulic fluids and flame
retardant

Possibly
neurotoxic

Tris-(2chloroethyl)phosphate

TCEP

Flame retardant (mostly
polyurethane foam)

Carcinogen

Tris(chloropropyl)phosphate

TCPP

Flame retardant (mostly
polyurethane foam)

Possible
carcinogen

Tris-(dichloropropyl)-phosphate

TDCP

Flame retardant (mostly
polyurethane foam),
textiles, diverse

carcinogen

Table 1. Name, structural formula, usage, and toxicity of OPFPs studied here.
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Remarks

Phased out due
to toxicity
issues

Compound Water
Solubility
(mg/L)
TCEP
1.9
TCPP
280
TDCP
1100
TBEP
7820 at
20ºC
TBP
1080 at
20ºC
TPP
18.1

1.7
2.6
3.8
3.8

Henry’s law
constant at 25 oC
[Pa∙m-3∙mol-1]
2.5810-3
6.0410-3
2.6510-4
1.2210-6

Vapor
pressure at
25oC [Pa]
1.1410-3
1.410-3
5.610-6
1.6410-4

Photodegradation
Atmosphere
[5105OH∙ mol-1]
T1/2=17.5h
T1/2=8.6h
T1/2=21.3h
T1/2=3h

2.68 ± 0.36

0.323

0.465

T1/2<1h

3.69 ± 0.36

0.018-0.036

6.2810-6

T1/2=1.3d

Log Kow

Table 2. Water solubility, n-octanol/water partition coefficient, Henry’s law constant, vapor
pressure and photodegradation of the OPFPs analyzed in this study [5-8].

Due to their physicochemical properties, chlorinated flame retardants can be
classified as semi-volatile organic compounds, with water being their main mode of
distribution in the environment [5]. Volatilization of OPFPs from the water phase into air is
negligible because of low Henry’s law coefficients. According to Table 2, the most volatile
compounds are TPP and TDCP and the most photodegradable are TBP and TBEP. Regnery
at al. (2010) conducted laboratory degradation experiments and proved that degradation of
the non-chlorinated organophosphates depends to a large extent on photochemical processes
and not on microbial processes [9]. The same experiments proved that there is no
concentration decrease of the chlorinated flame retardants.
Phosphate esters generally have low water solubilities and relatively high Kow values,
which result in high Koc values. Muir (1984) reported Koc values for TPP, TnBP, TBEP,
TCEP, and TDCP as 7,850, 3,592, 2,311, 151, and 2,591, respectively [10], using data from
Kenaga and Goring [11].TCEP, as apparent from the Koc values, is particularly mobile in soil
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and has the greatest potential to leach into groundwater. Relative to pesticides, the high Koc
of the other phosphate esters indicate relatively low leaching potential [8].
1.3. Presence in water and sediment
OPFPs are introduced to water bodies mainly through discharges from wastewater
treatment plants (WWTPs) and through precipitation. OPFPs can be transferred into WWTPs
via sewage systems from households, industrial sites, and storm water drainage [7]. For
instance, high concentrations of TBP, TCEP and TBEP were detected in one influent and one
effluent wastewater sample collected from a municipal WWTP in Frankfurt/Main in
November 2000 [12]. The lower concentrations of TBP and TBEP in the effluent compared
with the influent sample demonstrate a partial biological removal during the treatment
process. The increased concentration of TCEP in the effluent sample with respect to the
influent sample indicates an accumulation of this compound during the treatment process
[12]. In another study, sixteen municipal WWTPs were investigated and grab samples of
effluents were collected in summer 2005 in Austria. The highest mean concentration levels
(915 and 560 ng/l) were determined for TBEP and TCPP. There were no correlations
between OPFP concentrations and population of investigated areas [13]. Eleven WWTPs
spread across the Sweden were studied for the presence of OPFPs. TBEP and TBP were the
most abundant OPFPs in both influents and effluents (13000 and 6100 ng/l). The alkyl and
aryl OPFPs were degraded during the treatment processes while the chlorinated OPFPs were
accumulated during the treatment process [7].
There are three possible pathways for OPFPs to enter the atmosphere: release from
vehicles and buildings, volatilization from soils, and volatilization from water systems. The
initial entering pathway for OPFPs into the atmosphere is anthropogenic and caused by
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emission from vehicles and buildings, abrasion of tires and leakage of hydraulic fluids and
motor/transmission oils from vehicles [5]. OPFPs in the atmosphere can be transferred back
to soils and water bodies through precipitation.
Two studies were done in Middle Germany comparing concentrations of OPFPs in
urban and rural areas of the precipitation [5, 9]. Both studies showed that TCPP was the most
frequently occurring compound followed by TBP, TCEP, TBEP and TDCP, and that urban
areas were more polluted with OPFPs. There was a noticeable decrease of non-chlorinated
OPFPs from August through November in storm water holding tank samples, while those
chlorinated ones had no noticeable difference in the concentrations [5, 14]. This decrease in
non-chlorinated OPFPs during summer/autumn months was attributed to microbial and
possibly photochemical decomposition that was faster in warmer months. Analysis of
rainwater collected in Rome and Martignano Lake area in Italy also showed that pollution of
OPFPs in the studied sites seemed to occur via atmospheric transport after emission from
urban settlements and road traffic [15].
Due to their high Koc values, most OPFPs in WTTP effluents and precipitation are
expected to accumulate in sediments. Only a few studies, however, have dealt with the
determination of OPFPs in sediment samples. High levels of some OPFPs were measured in
bottom sediment from a waste disposal site and the surrounding area in Japan. TBP, TCEP,
TCPP, TDCP and TBEP concentrations ranged from 2 to 7395 ng/g [16]. Studies conducted
in Spain showed that OPFPs were present in small concentrations ranged from 6.4 ng/g for
TPP to 45.9 ng/g for TCEP [17]. Another study was conducted on river sediment samples
and oyster culturing sites in Taiwan. The total concentrations of OPFPs in marine and river
sediment samples ranged from 1 to 12.6 ng/g, and TCPP was the major OPFPs detected in
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sediment samples [18]. Research conducted on sediment samples from several rivers in Spain
and USA revealed that the most abundant OPFPs were TBP (2.8-8 ng/g) and TCPP (4-10
ng/g) [19]. Concentrations of TBP, TCEP, TBEP, and TPP were between 2.4 and 160 ng/g
and up to 1300 ng/g for TCPP in several Austrian sediments. TDCP was also detected in
some of the analyzed samples [13].

1.4 Challenges in analyzing OPFPs in sediment samples
Several methods have been developed to extract OPFPs from sediments, including
traditional Soxhlet extraction and relatively new microwave-assisted extraction (MAE) and
pressurized liquid extraction (PLE) [17, 20]. Soxhlet extraction is often time consuming and
requires large amounts of organic solvent. In contrast, MAE and PLE are much faster and use
less solvent. Further clean-up of raw extracts provided by above techniques is often required
and normally involves dilution with water and partition in dichloromethane (i.e., liquid-liquid
extraction), and or solid-phase extraction (SPE) using normal and/or reversed phase sorbents
[17].
The biggest challenge in determining OPFPs in sediment appears to be the removal of
background OPFPs during sample preparation. OPFPs are present in indoor air, especially
the most volatile species (TBP, TCEP and TCPP). In addition, OPFPs may also present in
sample vials, filters, reagents, and other materials that are carried in plastic containers and/or
in contact with plastics during production processes. For instance, even pre-cleaned sample
bottles certified for trace organic analysis may contain residual OPFPs. Rigorous cleaning
procedures are necessary to ensure sample vials, extraction cells, filters, reagents, etc. to be
free of the OPFPs.
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The second challenge in determining OPFPs in sediment is to concentrate the extracts
without adding or losing the analytes. Because of low levels of OPFPs in sediment samples,
the extracts from aforementioned extraction techniques need to be condensed so the analytes
could be detected during instrumental analysis. Evaporation is the logical mean of
concentrating the extracts but the relatively volatile OPFPs may escape during this process.
As such, the recovery of OPFPs during this step needs to be carefully examined.

1.5. Objectives
The first objective of the thesis research was to develop an inline cleaning procedure
that would effectively clean all components in an extraction cell but would minimize the
transfer of reagents into and out of the extraction cell as well as the contact of reagents with
containers and ambient air. The second objective was to optimize a concentration technique
based on evaporation with minimal loss of the analytes. The third objective was to apply
these procedures to real sediment samples and to determine the degree of contamination of
OPFPs in Long Island Sound (LIS) sediment.

2. Materials and Methods
2.1. Chemicals and reagents:
TCEP and TBEP standards were obtained from Acros Organics, TBP and TPP were
obtained from Restek Corporation, and TDCP and TCPP were purchased from Tokyo
Chemical Industry (TCI). Triphenyl-d15 phosphate (TPP-d15) from Sigma-Aldrich was used as
the surrogate standard. Activated Al2O3 (weakly acidic, 150 mesh) was purchased from SigmaAldrich. Diatomaceous earth (a mixture of crystalline silica (>54%), cristobalite (<50%), and
quartz (<4%)) and glass fiber filters (30mm) were purchased from Dionex. Methanol (mass
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spectrometry grade), ethanol and dichloromethane (pesticide grade) were obtained from Merck.
Hexane (pesticide grade) for cleaning purpose was obtained from Fisher Scientific. KOH for
cleaning purpose was obtained from Spectrum Chemical Mfg. Corporation. Ammonium
formate (99% crystalline) was produced by Alfa Aesar (Germany), and formic acid (98%) for
mass spectrometry was purchased from Sigma-Aldrich. Both were used for buffering the
mobile phase in liquid chromatography analysis (described below). Pre-cleaned 8oz clear glass
bottles were purchased from Environmental Sampling Supply (ESI) and used for extraction.
Individual stock solutions were made in acetone for TBEP, TCEP, TCPP, TDCP and
TPP-d15 at the 582, 1845.6, 816, 3205, 72.8-µg/mL levels. All of them were then diluted to
5µg/mL in methanol. Mixed standard stock solutions (100 ng/mL each) were prepared in
methanol and dichloromethane and subsequently diluted as needed. For spiking purpose, 100
ng/mL of TPP-d15 solution was also prepared.
2.2 Sediment sample collection
Surficial sediments were collected in 2005 and 2006 at ten LIS sites: Connecticut River
(LICR), Housatonic River (LIHR), Sheffield Island (LISI), Manhasset Bay (LIMB), Little
Neck Bay (LILN), Mamaroneck River (LIMR), Throgs Neck (LITN), Hempstead Harbor
(LIHH), Huntington Harbor (LIHU), and Port Jefferson (LIPJ). These sites were carefully
selected by the NS&T (National Status and Trends) Program to avoid point sources and to
represent general contamination conditions in the Sound. The exact locations are presented in
Table 3. Samples were collected using a Kynar-coated Van-Veen grab sampler (5-6 grabs per
site). The top 1 cm sediments from different grabs from each site were collected using a
stainless steel flat-bottom scoop. Foreign items like rocks, sticks, mussels etc. were removed
from the sediment samples. Several scoops of sediments were mixed in a Teflon beaker and
8

transferred to Teflon bottles. The samples were frozen at -20 oC until analysis. Detailed
information on sample collection is described by Yang et. al, 2007 [21].

Site Code
LICR
LIHR
LIPJ
LISI
LIHU
LIHH
LIMR
LIMB
LILN
LITN

Site Name
Connecticut River
Housatonic River
Port Jefferson
Sheffield Island
Huntington Harbor
Hempstead Harbor
Mamaroneck River
Manhasset Bay
Little Neck Bay
Throgs Neck

State
CT
CT
NY
CT
NY
NY
NY
NY
NY
NY

Latitude (N)
41˚15.59'
41°10.12'
40˚57.58'
41° 03.40'
40° 55.07'
40˚51.10'
40° 56.48'
40° 48.57'
40° 46.61'
40˚49.15'

Longitude (W)
72˚20.55'
73˚06.42'
73˚05.31'
73° 24.71'
73° 25.82'
73˚40.21'
73° 42.03'
73° 42.76'
73° 45.39'
73˚48.01'

Table 3. Name, location and coordinates of LIS sampling sites

Figure 1. Map showing Long Island Sound and sampling sites.

9

2.3. Cleaning of labware
Glassware, disposable pipets, autosampler vials, and extraction bottles were soaked
overnight in 5%(w/w) KOH and 95% ethanol solution, then rinsed with ultrapure Milli-Q
water, hexane (4 times) and methanol (3 times). New pre-cleaned bottles were rinsed with
hexane (4 times) and methanol (3 times). Cleaned glassware was dried in an oven overnight
at 130 oC. Vials and bottles were capped after cleaning and drying.
Ceramic mortar, pestle, and dishes were cleaned with Milli-Q water and rinsed with
hexane and methanol and kept in the oven until they were used. Stainless steel extraction
cells and all other metal parts were cleaned with Milli-Q water, hexane and methanol.
A previous study [22] revealed that of all the chemicals and materials used in sample
extraction, glass fiber filters (GFFs) contained the highest amount of OPFPs. Therefore,
GFFs were placed in methanol in a pre-cleaned glass beaker and sonicated for 20 min and
then dried in a fume hood. About 60 pieces of the dried GFFs were packed into an extraction
cell for further cleanup using an accelerated solvent extraction (ASE) system (Dionex) with
dichloromethane as the extraction solvent. Four extraction cycles were applied, with a
pressure of 1500 psi and temperature of 120 oC. A static time of 5 min per cycle was used.
Cleaned GFFs were placed in a cleaned glass beaker and stored in a desiccator. Aluminum
oxide and diatomaceous earth were kept in ceramic dishes in the oven and were cleaned
using the “inline” cleaning procedure, described below.

2.4. Inline cleaning of diatomic earth and aluminum oxide with ASE
A Dionex ASE 100 system equipped with 34 ml capacity stainless steel cells was used
for inline cleaning of diatomic earth and aluminum oxide used in sediment extraction. A piece
of GFF was placed on the bottom of the ASE extraction cell (34 mL), and 5 grams of activated
10

Al2O3 were added into the cell and covered by another piece of GFF. The cell was then filled
with diatomic earth to the top, covered with another piece of GFF, and then capped (Figure 2).
The aluminum oxide was used to eliminate lipids and other co-extractable materials from
sediment samples in order to minimize interferences with mass spectrometry analysis of the
analytes. Diatomic earth was used to fill the void space in the extraction cell, and to remove
water from sediment samples. The packed extraction cell was then extracted multiple cycles
with dichloromethane under 1500 psi and 120oC, with a 5 min static time per cycle. The
extracts from different cycles were collected in separate bottles for further processing,
described below. The cells (full of diatomic earth and aluminum oxide) after extraction were
allowed to dry in the fume hood (for about 10 min), and then wrapped with aluminum foil and
stored in the desiccator until sediment sample extraction.

Top
GFF Filter
GFF
(5 grams sediment
sample + spiking
solution)
+
diatomic earth
GFF

5 grams Al2O3
GFF
Bottom
Figure 2: Schematic diagram showing the packing of samples into a
34 mL stainless steel extraction cell.
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2.5. Extraction of sediment samples with ASE
After the frozen sediment samples were thawed in room temperature, an extraction cell
(full of diatomic earth and aluminum oxide after inline cleaning) was opened and the top GFF
removed. About 5 g of diatomic earth was removed from the top of the cell into a clean beaker.
Five g of sediment sample was added and spiked with 1ml of 100ng/ml TPP-d15 surrogate
standard. Some of the diatomic earth was transferred back to the extraction cell to fill the void
space, and the GFF was placed back on the top and the cell was capped, tightened, and placed
into the extraction system. Three extraction cycles were applied, with the same solvent and
extraction conditions used in the inline cleaning process. This method of sediment extraction
minimized the transfer of the diatomic earth and aluminum oxide, and the exposure of these
chemicals to possible contamination.

2.6 Concentration of extracts
Three different concentration methods were examined: (1) slow evaporation to
dryness under the fume hood and reconstitute with methanol to 2 mL; (2) fast evaporation to
1-2 mL under a gentle stream of nitrogen; and (3) slow evaporation to 1-2 mL under the
fume hood. The first method was examined due to the concern that the extraction solvent
dichloromethane may not be compatible with the mobile phase (methanol and water) during
analysis, and evaporation to dryness allowed exchange of solvents (from dichloromethane to
methanol). Later analysis, however, proved that analytes constituted in dichloromethane and
methanol gave similar responses in mass spectrometry analysis. Evaporation to dryness may
lead to loss of analytes (especially those with relatively high vapor pressure) and therefore
method 2 and 3 were tested.
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2.7. Liquid chromatography/ mass spectrometry
OPFPs were analyzed using liquid chromatography tandem mass spectrometry (LCMS/MS). The LC-MS/MS consists of a Shimadzu HPLC and an ABI 4000 Q-trap mass
spectrometer (Applied Biosystem). The Shimadzu HPLC is composed of a DGU-20A3
degasser, LC-20AD binary pumps, a SIL-20AC HT auto-sampler and a CTO-20AC oven. An
Agilent Eclipse Plus C18 (1.8 µm x 4.6mm x 50 mm) column was used for separation. The
temperature of the oven was kept at 34°C. The mobile phase is composed of water (A) and
methanol (B) buffered with 0.1% (v/v) formic acid and 4 mM ammonium formate. The
gradient was programmed as 85% B for 5 min and 95% B from 5.01 to 6 min. The flow rate
was 1 mL/min. Ten microliters of sample were injected through the auto-sampler.
Mass spectrometry was performed with an ESI ion source (Turbo spray) generator and
MRM (Multiple Reaction Monitoring). A nitrogen generator (N300DR, Peak Scientific,
Billerica, MA) was used to supply both the collision gas and nebulizing gas. The curtain gas,
collision gas, ion source gas1 and ion source gas2 were set at 25, 8, 60, 70 psi, respectively.
The entrance potential was 10 mA and ion spray voltage was kept at 4500. The temperature of
the interface heater was maintained at 600°C. Experimental analysis was performed by the
Analyst v1.4 software (Applied Biosystems). The MRM transitions monitored for these
compounds are listed in Table 4 below. The first transition was considered for quantitation
using the peak area for each organophosphate.
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Compound
TBP
TPP
TCEP
TCPP
TDCP
TBEP
TPP-d15

Parent Ion
267
327
285
327.1
430.9
399
342

Product Ion
99, 155, 81, 63
77.1, 152, 51.1, 153.1
62.9, 99, 91.1, 117.1
99, 175, 251
99, 208.9
299.1, 199.1, 57.1, 50
54.2, 82.1, 159, 160

Table 4. MRM transitions used to identify and quantify the selected OPFPs.

3. Results and discussion
3.1. Sources of contamination
In a previous study by Huq, some sources of contamination were identified, including
glass fiber filters, aluminum oxide, and diatomic earth [22]. Some other possible sources of
background contamination were also discovered. First, gas-tight syringes used to make stock
solution and calibration standards appeared to carry some OPFPs. Even after rinsing with
Milli-Q water for ten times and with methanol for seven times, the last rinse still contained
TBEP, TCPP, and TCEP (Table 5, TPP was not detected). As a result, disposable glass
pipettes (cleaned) were used to make stock solution and calibration standards. No OPFPs
were detected from the rinse of the cleaned disposable glass pipettes.

Syringe
syr-25ul
syr 100 ul -1
syr 100 ul -2
syr 1ml-1
syr 1ml-2

TBEP
TBP
TCPP
TCEP
TDCP
18.33
0.12
5.73
23.83
2.50
2.96
0.20
0.61
2.74
1.45
28.37
0.13
33.46
23.64
1.05
0.70
0.15
0.53
0.60
0.18
1.01
0.13
0.26
0
0

Table 5. Syringe contamination with OPFPs
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Contamination from brand new pre-cleaned collection bottles were also discovered.
Figure 3 below shows OPFP levels in extracts from cycle 4, 5, 6 during inline cleaning of
diatomic earth and aluminum oxide. LB-1 through LB-4 are used bottles that were cleaned
according to ptocedures described in section 2.3, whereas LB-5 through LB-7 are brandnew
pre-cleaned bottles used as received. Figure 3 shows that the used bottles were cleaned to
satisfactory for most of the OPFPs examined here (i.e., OPFP levels below the detection limit
of the LC/MS/MS method) except for TBEP, which was about twice the detecion limit. The
brandnew pre-cleaned bottles were free of TBEP, TCPP, TDCP, and TCEP (the spikes of
TCPP, TDCP, and TCEP in LB-5-6 were caused by contamination during a valve repair) but
was contaminated with TBP. Therefore, in further extractions only brand new precleaned
bottles were used, after extensive rising with hexane and methonal, as described in section
2.3.
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Figure 3. OPFPs in used, cleaned bottles (LB1 through LB4) and brand new pre-cleaned
bottles (LB5-LB7) as received. Extracts from cycle 4, 5, 6 (indicated by the second number
in labels) during inline cleaning were analyzed. The red line indicates detection limit.

3.2 Inline cleaning of diatomic earth and aluminum oxide
Figure 3 above shows that when the collection bottles were clean, the extracts from
the 4th extraction cycle is essentially free of the OPFPs. Therefore, in subsequent inline
cleaning only three cycles were used. The inline cleaning method developed here minimized
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the transfer of chemicals between extraction cells and containers, and the exposure of these
materials to ambient air which may contain some of the OPFPs. Therefore, the new
procedure greatly reduced possible contamination during sample extraction.

3.3. Concentration procedures
The evaporation to dryness option was examined due to the concern that the
extraction solvent dichloromethane may not be compatible with the organic solvent used in
LC/MS/MS (methanol) and therefore affect the instrument responses. However, standards
prepared in methanol and in dichloromethane gave similar instrument responses during the
LC/MS/MS analysis (see results in Appendix). Further, poor recovery (~40%) of the most
volatile compounds, TPP and TPP-d15 was evident (Table 6). This evaporation method was
therefore deemed unsuitable. Since dry evaporation in general would lead to significant
losses of relatively volatile compounds, we decided to evaporate the extracts to 1-2 mL using
a gentle stream of nitrogen gas. Two problems were encountered. First, a large amount of
TCEP and TCPP was introduced into the samples, likely due to contaminated copper tubing
that was used to purge the bottles. Second, the recoveries were very poor (<40%, Table 6),
probably due to the turbulent flow of the nitrogen gas which caused more evaporation of the
analytes. We then decided to evaporate the extracts to 1-2 mL under the fume hood. The
recoveries were all above 70%, with many of the compound around 100% (Table 6). This
concentration method was considered as the best and was adopted for concentration extracts
from sediment samples.

17

3.4. Recovery rate for extraction
A laboratory blank (extraction cell packed full with aluminum oxide and diatomic
earth only, no sediment) was spiked with 100 ng/ml mix standard and extracted. The
recovery rate is presented in Table 7 below. For most compounds the recovery rate is above

Conc. (ng/mL)

TPP

1
10
1
5
10
25
50-100

TBP
TBEP
TCEP
TCPP
TDCP
Slow evaporation to dryness under fume hood
0
91.16
102.34
95.72
112.15
89.56
43.55
85.63
90.22
85.88
87.89
83.94
Fast evaporation to 1-2 mL under nitrogen stream
30.88
54.64
13.09
290.78* 823.89* 25.59
49.92
41.43
16.56
146.77* 391.37* 32.36
37.37
35.54
15.20
50.71
85.85
34.53
25.86
24.86
12.89
29.73
37.81
27.17
Slow evaporation to 1-2 mL under fume hood
106
100
109
71
82
117

TPP-d15
38.50
37.92
37.98
35.50
33.88
24.06
84

Table 6. Percent recovery of OPFPs after evaporation. *Indicates contamination.

70%. However, the recoveries for TBEP and TCEP are 44 and 52%, suggesting a significant
loss of these two compounds during the extraction process. It is possible that these two
compounds were adsorbed by the aluminum oxide, which was used to retain lipids and
organic matter.

Sample Name
Conc. after
extraction
(ng/ml)
Spiked Conc.
(ng/ml)
Recovery (%)

TBEP

TBP

TPP

TPP-d15

TCEP

TCPP

TDCP

49.7

64.2

71.2

101.3

50.3

80.9

95.9

112.3

77.6

103.7

129.7

95.5

112.3

112

44

82

68

78

52

72

85

Table 7. Recovery of spiked OPFPs from laboratory blank after ASE extraction.
Extracts were analyzed directly without concentration.
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The recovery of the surrogate standard TPP-d15 spiked to LIS sediment samples
ranges from 59% to 99% (Table 8).

Sample ID
Little Neck
Sheffield Island
Huntington Harbor
Houstonic River
Mamoroneck River
Manhasset Bay
Thorogs Neck
Hempstead Harbor
Connecticut River
Port Jefferson

before
evaporation
76
75
95
99
59
94
96
95
99
99

Table 8. Recovery of the surrogate standard (TPP-d15) from sediment samples after
extraction (without concentration).
3.5. OPFPs in LIS Sediment
The concentrations of OPFPs in LIS sediment are presented in Figure 5. TCPP was
present in all sediment samples with the highest concentrations, ranging from 39.2 ng/g d.w.
(dry weight) in LICR to 225.2 ng/g d.w. in LILN (Fig. 5). This appeared to be consistent with
the persistency of chlorinated OPFPs and the high usage of TCPP (40,000 ton/yr globally).
TBEP was detected in all sediment samples as well but was lower than TCEP (from 3.8 ng/g
d.w. at LIHR to 49.5 ng/g at LILN, Fig. 5). It is not clear why this non-chlorinated OPFP is
present at relatively high levels as it is readily biodegradable and its usage is much less than
TCEP. Nevertheless, TBEP has been detected in sediment in hundreds of ng/g levels at other
places [13]. The other two chlorinated OPFPs, TCEP and TDCP were also detected in most
of the sediment samples albeit the concentrations (sub-ng/g to a few ng/g, except for TDCP
at LITN where 25.0 ng/g was detected) were much less than TCPP. The other two non19

chlorinated OPFPs TBP and TPP were only present in one or two samples with very low
levels (~ 1 ng/g). This is probably due to their high bio- and photo- degradability.
There is a general trend of increasing OPFP concentrations from east (LICR) to west
(LITN) LIS sediments. This trend is consistent with the higher population density and larger
number of WWTPs in west LIS than in east. Similar special distribution of other
contaminants in LIS sediment has also been observed. [21].

Figure 5. OPFP levels in LIS sediment. The sites are listed from west (LITN) to east
(LICR).

Conclusions
Due to the wide presence of OPFPs in ambient air and materials involved in sediment
extraction, it is critical to determine sources of background contamination and to develop
cleaning procedures to minimize such contamination. In this work, two extra sources of
contamination (syringes and brand-new pre-cleaned bottles) were identified, in addition to
previously identified sources including GFFs, diatomic earth, and aluminum oxide used in
20

extraction. It is recommended that glass disposable pipets cleaned with hexane and methanol
be used in preparation of stock solution and standards. In addition, brand-new pre-cleaned
bottles need to be rinsed extensively with hexane and methanol.
An inline cleaning procedure was effective in cleaning diatomic earth and aluminum
oxide with 3 extraction cycles using ASE. This inline method minimizes transfer and
exposure of diatomic earth and aluminum oxide with possible sources of OPFPs in the
laboratory.
The recovery efficiency of several concentration methods were evaluated and slow
evaporation to 1-2 mL in a fume hood resulted in the least loss of OPFPs among the three
evaporation methods examined.
Several OPFPs were detected in LIS sediment. TCPP (chlorinated) had the highest
concentration, consistent with its highest usage and its persistency in the environment. TBEP
(non-chlorinated) had the second highest concentrations in LIS sediment. The other
chlorinated OPFPs, TCEP and TDCP, were also present in most sediment but with much
lower concentrations than TCPP. TBP and TPP (both non-chlorinated) were only detected in
one to two sediment samples with very low concentrations, consistent with their high
degradability. Generally speaking, western LIS sediment is more contaminated with OPFPs
than eastern LIS, possibly due to higher number of WWTPs in west part of LIS.
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Appendix A. Concentrations of OPFPs in methanol vs. in dichloromethane.
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Appendix B
Table B1. OPFPs in LIS sediment.
Sediment Sample
TCPP
Name
LITN
47.76
LILN
137.02
LIMB
54.75
LIMR
32.64
LIHH
61.66
LIHU
54.61
LISI
28.61
LIHR
11.73
LIPJ
62.19
LICR
14.70

TBEP

TCEP

TDCP

TBP

TPP

25.44
49.45
34.08
7.82
22.42
12.55
16.35
3.83
13.35
9.28

2.56
6.68
2.54
1.44
4.60
5.81
4.23
0.96
3.24
1.01

24.97
3.32
6.00
1.46
0
0.99
4.32
0.28
1.36
0

0
3.21
0
0
0
0
0
0
0
0

0
0.91
0
0
0
0
1.28
0
0
0
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